We present an event-tree biological risk assessment for a non-native Atlantic salmon (Salmo salar) invasion into Alaskan waters. Atlantic salmon farming is prohibited in Alaska, USA, but large numbers of them are reared in ocean net-pens in Washinton (WA) USA, and British Columbia (BC), Canada. Large numbers of Atlantic salmon escape each year, and they have been recovered in both saltwater and freshwater in WA, BC, and Alaska. There is limited evidence of successful spawning and rearing in BC, but none from Alaska. No stream-reared smolts are known to have returned successfully from ocean migrations, but survey efforts for escaped adults and reared juveniles in streams have been very limited in time and space. Given recurring, large-scale escape events, propagule pressure could be great enough in any given year for a successful invasion. To date, such large numbers of adults have not been recorded ascending Alaskan streams, but again, monitoring is very limited. Atlantic salmon could most likely successfully spawn and rear in Alaskan streams, so successful ocean migration appears to be the factor most likely to limit their success. Successful invasion of BC waters, where propagule pressure is greater, followed by a subsequent invasion of a pre-adapted stock by straying to Alaskan waters, may pose the greatest risk. The lack of adequate surveys, under-reporting of escapes and recoveries, and inherent ecosystem variation, make it impossible to assign meaningful probabilities to the risk of an invasion of Alaskan waters. We conclude that the short-term risk of invasion generally appears low, but that it might increase over time. We also note that invasion is only part of the ecological risk of Atlantic salmon farming in Pacific waters. Disease, parasites, and pollution may also pose risks to local ecosystems -we do not assess these risks here.
Introduction
Atlantic salmon (Salmo salar Linnaeus, 1758) are native to the Atlantic coasts of Europe and North America (Mills 1989) . Although wild populations of Atlantic salmon have declined severely over the past several hundred years due to human impacts (Netboy 1974; Mills 1989; Fay et al. 2006) , Atlantic salmon farming has become a major industry worldwide, and current production exceeds 1,500,000 metric tons per year (FAO 2011) . Farmed Atlantic salmon constitute >90 percent of the farmed salmon market worldwide, and >50 percent of the total global salmon market (FAO 2011) . Production occurs in the North Atlantic and the North and South Pacific Oceans. Norway, Chile, and the United Kingdom, respectively, and are currently the world's largest producers of farmed Atlantic salmon, but large numbers are also produced off the Pacific coast of British Columbia (BC) and Washington state (WA) (BCMAL 2010; WDFW 2010) .
Farmed Atlantic salmon is the top agricultural product in BC, where production is over 50,000 metric tons per year, 70% of which is exported to the United States (Thorstad et al. 2008; BC MAL 2010) . Production in BC has grown steadily since the 1980s, and there are currently 131 salmon farms operating in BC waters, from Vancouver Island north to near Prince Rupert (BCMAL 2010) . Production in Washington State is over 5,000 metric tons per year (WDFW 2010) . In a typical production cycle juvenile salmon are raised in freshwater hatcheries, then placed in ocean net pens at age 8-16 months, followed by two years of ocean growth before harvest (FAO 2011) . Fish are held in high densities in the net pens, and fast growth is achieved by artificial feeding.
During the development of their aquaculture programs, both WA and BC went through environmental reviews to assess the potential risks of Atlantic salmon culture (Waknitz et al. 2002; Nash 2003; Waknitz et al. 2003; DFO 2010) . State and provincial management agencies have had programs to monitor escape events and potential invasions , DFO 2010 , WDFW 2010 , but the geographic scope of this task is enormous, and recent monitoring activity has been limited. Salmon farm owners are required by law to report escape events, and fisheries management agencies in WA and BC have authority to do site inspections of salmon farms. Commercial and sport fishermen are encouraged to report catches of Atlantic salmon, and periodic stream surveys are conducted to search for feral juveniles and adults.
Although the potential for Atlantic salmon invasion in the Pacific Ocean has been considered low (Waknitz et al. 2002; DFO 2010) , Bisson (2006) concluded that there is a significant long-term (>5 years) risk of a successful invasion in the Pacific Northwest (PNW) or Alaska. Each year, numbers of farmed salmon in BC and WA escape from their net pens due to weather conditions, equipment failure, or accidental releases CAAR 2010; DFO 2010; PSMFC 2010) . In addition, "leakage", i.e., deliberate or accidental releases of slow-growing fish is also a concern (Naylor et al. 2005; ADFG 2002; LOS 2010) , although current BC regulations prohibit this practice (BCMAL 2010) . The potential for large numbers of fish to escape has raised concerns that Atlantic salmon may successfully invade watersheds in the Pacific Northwest and Alaska ADFG 2002; Naylor et al. 2005; Bisson 2006) .
The Alaska Department of Fish and Game (ADFG) considers Atlantic salmon an invasive threat, and they have been active in advocating research and management efforts to minimize the risk of invasion in Alaska. Former Alaska Governors Tony Knowles and Frank Murkowski, and former ADFG Commissioner Frank Rue, have all written official letters calling for restrictions on, or elimination of Atlantic salmon farming in BC . ADFG maintains a website with information on identifying and handling Atlantic salmon, with links to reports and other information (ADFG 2010). They collect data on captures of Atlantic salmon from both random sampling of commercial and sport fisheries, and from voluntary reports (Table 1) . They have also published a white paper that summarizes potential risks of an Atlantic salmon invasion in Alaska (ADFG 2002) . Currently, however, the website does not include data later than 2004. To date there has been no biologically-based risk assessment to better understand the potential of a successful invasion of self-sustaining populations of Atlantic salmon in Alaskan waters.
Our objective is to use historical data on escapes, combined with a synthesis of the literature on Atlantic salmon life history, to assess the biological risk of an Atlantic salmon invasion in Alaskan waters. We use a life history-based event tree to assess the possibility of a successful invasion, we identify key research and management issues that remain unresolved, and we propose possible solutions to these. We wish to state at the outset that this risk assessment is for a invasion of Alaskan waters only -the risk in WA or BC may be greater due to nearer proximity of salmon farms. Also, this risk assessment does not include the potential dangers of disease, parasites, pollution, or competition with native Pacific salmon, all of which may be substantial (see CAAR 2010).
Overview of Atlantic salmon life history
Throughout their native range, Atlantic salmon are iteroparous fall spawners (Mills 1989) . Adults may enter rivers or streams at nearly any month of the year, depending upon the distance and timing of upstream migration (Baum 1997; Jonsson and Jonsson 2009 ). In North America, adult migrations into freshwater begin in spring and peak in June, with spawning occurring in October and November; fry emerge in early spring (Baum 1997) . Some adults may survive to spawn again, but generally less than 10 percent are repeat spawners (Mills 1989) . Juveniles rear for one or more years in freshwater streams before smolting and migrating to sea. Duration of freshwater residence has been shown to be under both genetic and environmental regulation (Metcalfe 1998) . Duration of time at sea also varies, with some adults returning after one summer, and others remaining for one or more years at sea (Mills 1989) . Lake-dwelling landlocked populations of Atlantic salmon are also known from North America and Europe (Behnke 2002; Klemetsen et al. 2003) . Atlantic salmon share a broad range of thermal tolerance with all species of Pacific salmon (0 -~25ºC), and in fact they can endure slightly higher temperatures (Elliott 1994; McCullough 1999 ). An excellent table showing referenced thermal tolerances for each life stage can be found at the KRIS Sheepscot website (KRIS 2010) . In general, temperature preferences overlap with those of Pacific salmon (McCullough 1999) , and it appears unlikely that thermal limitations would prohibit an Atlantic salmon invasion in Alaska.
In summary, Atlantic salmon display the wide variety of life history types and the flexible life history strategies typical of the family Salmonidae (Klemetsen et al. 2003) . These are thought to be adaptations to the constantlychanging environmental conditions in recently de-glaciated environments (Hendry and Stearns 2004) .
Risk Assessment
Our risk assessment is based on an event tree that illustrates the steps that would be necessary for a successful Atlantic salmon invasion of Alaskan waters (Figure 1 ). We use primary literature and reports to provide a qualitative assessment of risk for each event depicted in Figure 1 .
Event 1: Farmed Atlantic salmon escapes
From 1990-2009 the reported numbers of adult Atlantic salmon escapes were 599,838 from BC and 640,691 from WA (Table 1 ). An additional 58,953 juveniles were reported to have escaped in BC, and several hundred from WA. Large escape events of adults, from net pens or from boats during transit, are often due to inclement weather. Juveniles have been reported to have escaped from hatcheries, and also during transit. The number of fish escaping in WA appears to have declined since 1990, but there was one large escape in 2004, and no data are available after 2006. Large escapes have also continued in BC, with a peak escape of over 100,000 fish in 2008. The numbers of reported escapes do not include leakage, which at one time was estimated at approximately 350,000 fish per year (ADFG 2002) . Leakage occurs when fish are transferred to pens with larger mesh size, after which smaller, slower-growing fish are able to escape freely through the nets. These fish are called "non-performing" by salmon farmers, and their loss is considered a normal part of business costs. Although leakage is currently prohibited by BC law (BCMAL 2010) , it is still considered a threat (Naylor et al. 2005; LOS 2010) . The frequency and magnitude of escape events might be expected to decrease as industry practices improve. Due to the nature of salmon farming, however, large accidental escapes are likely to continue to occur sporadically. For example, since 2004, large escapes have occurred in both WA and BC, despite recent efforts to improve holding facilities.
Although reporting escapes is required by law, there is evidence that at least some large escapes may go unreported (Morton and Volpe 2002; LOS 2010) . Morton and Volpe (2002) , for example, reported 10,826 Atlantic salmon captured in BC waters during their 17-day survey in summer 2000. To date, however, both the DFO and ADFG websites still list the total number of recoveries from BC in 2000 as 7,834. From the standpoint of assessing biological risk, substantial under-reporting of escapes, combined with any escapes due to leakage, make it difficult to assign meaningful probabilities to the proportion of fish that stray to Alaska (see Event 2).
In summary, accidental escapes, combined with potential leakage, suggest that escaped Atlantic salmon will continue to be present in Pacific marine waters as long as farming continues. These fish serve as a potential parent stock for invasion. Prompt and complete reporting of dates, locations, and numbers of escaped fish is necessary in order to assess the possibility that fish may enter Alaskan waters. Migration patterns of escaped Atlantic salmon in the North Pacific Ocean have not been researched, but recoveries show that they commonly migrate to Southeast Alaska, and occasionally to the northern Gulf of Alaska (GOA) and the Bering Sea (ADFG 2002) . Whether any of the migrants to Alaska return to BC or WA is unknown. Many stocks of Pacific salmon from WA and BC migrate though Southeast Alaska and into the northern GOA, where they spend one or more years (Groot and Margolis 1991; Quinn 2005) . These fish are thought to migrate within the Alaska Current, which runs north along the coast from southern BC into the northern GOA. To what extent Atlantic salmon follow these migration routes is unknown, but this may influence whether they return south when mature, or seek Alaskan streams to spawn. Thermal marking of otoliths for BC salmon farms would facilitate a better understanding of migration patterns, because fish could be assigned to a location, and possibly a date, of escape. Also, research to document the migratory life histories of the wild Atlantic salmon from which WA and BC brood stocks are descended might offer clues as to their potential migration behavior in the Pacific Ocean. Waknitz et al. (2003) suggested that poor foraging ability of escaped Atlantic salmon may minimize the risk of negative interactions with Pacific salmon, and reduce their ocean survival. The limited research on feeding behavior of escaped Atlantic salmon indicates that they are capable of foraging on a variety of fish and invertebrate prey, although foraging success is not great (Brodeur and Busby 1998; Soto et al. 2001; Morton and Volpe 2002) . Morton and Volpe (2002) reported that the diet of Atlantic salmon may overlap with Pacific salmon to some extent, and they found one incidence of predation on a Pacific salmon smolt. They also found that the percentage of fish foraging on wild prey increased over a 14-day period, suggesting that escaped fish have improved foraging success over time. Soto et al. (2001) found that in Chilé, escaped Atlantic salmon tended to stay near net pens to forage on pellet food, and that they had poorer foraging success than did escaped rainbow trout or coho salmon. Whether or not escaped salmon would need to forage in order to become sexually mature and spawn has not been addressed, but Volpe et al (2000 Volpe et al ( , 2001b provide strong evidence for at least one successful spawning of farmed salmon in BC streams. No other events have thus far been documented.
Propagule pressure and Allee effects
The probability of a successful biological invasion increases with propagule pressure, i.e. the number of organisms introduced (Kolar and Lodge 2001) . Conversely, Allee effects are predicted to decrease the probability that a small population will persist, due to invaders having difficulty finding mates (Drake 2004 ). Drake and Lodge (2006) provide a population biology model of invasion by an invasive species by combining the concepts of propagule pressure and Allee effects. They estimate that for a population without Allee effects, the probability of a successful invasion will approach 100% with ~40 individuals with no additional immigration (i.e. a one-time event, or low propagule pressure). With increasing immigration rates, initial populations as low as 10 individuals may be successful over time. Adding Allee effects to the model increases the initial population size required for a 100% probability of invasion to ~100 individuals at all but the highest immigration rates. Based on Drake (2004) Atlantic salmon would be expected to display an Allee effect, although there is little documentation of this in any fish population (Liermann and Hilborn 1997) . Assuming an Allee effect and no immigration (i.e. a one time straying event to a given stream), ~100 individual Atlantic salmon would need to ascend and successfully spawn in an Alaskan stream to invade it. To date, only three Atlantic salmon have been documented in freshwater streams in Alaska, each in different years (see below).
There are a number of difficulties in developing a risk assessment for Atlantic salmon in Alaskan waters based on propagule pressure. The numbers of adult fish entering Alaskan marine waters each year are extremely uncertain. The numbers of reported Atlantic salmon peaked at 155 in 1998, and have declined since then. These numbers are problematic because the potential of unreported fish is high, and the catch represents an unknown fraction of the fish at large. Many Atlantic salmon probably go unreported because of difficulty in identifying them, or lack of incentive to report them. The majority of the 600 recovered fish were sampled randomly at ports, presumably by ADFG personnel (ADFG 2010).
It is unknown what percentage of port samplers are trained to identify Atlantic salmon, but the task can be so difficult that Nielsen et al. (2003) suggested that all reported fish be confirmed by genetic analysis. Furthermore, the recent recovery of Atlantic salmon with no spots on their heads has raised concerns that identifying and reporting escaped fish recovered in fisheries may become more difficult (head spots are a commonly-cited way to identify Atlantic salmon) (Morton and Volpe 2002) . The numbers of fish in Alaskan waters must be considerably greater than the number of reported captures. Rough estimates are that in recent years up to 700 Atlantic salmon are caught per year, and that 3000 are present in Alaskan waters per year (ADFG 2002) . The methods used to develop these estimate, however, are undocumented.
To date, only three adult Atlantic salmon have been recovered from streams in Alaska, one in each of three years, and all in different locations (Table 1) . A pair of adults was reported from Ward Creek, near Ketchkian, but only one was captured. Estimates of the numbers of adult Atlantic salmon ascending streams, however, is just as uncertain as are estimates of the numbers in marine environments. Counts of adult spawning salmon are conducted on a limited number of reference streams each year by ADFG personnel. The great majority of these are done by aerial survey making identification impossible, and most are done during the late summer/early fall. Adult Atlantic salmon, however, may enter streams during almost any month of the year (Baum 1997) , and they tend to spawn later than do Pacific salmon, so they could go undetected. The only opportunity for adults to be recovered by biologists in freshwater would be during weir or foot surveys, and these are conducted on only a few streams per year. The possibility of anglers reporting sport-caught Atlantic salmon also exists, but again, identification can be difficult, and reporting incentive may be low.
Given the difficulties of estimating the numbers of Atlantic salmon in both marine and freshwater habitats in Alaska, any attempt to quantify propagule pressure would be trivial. What can be said is that propagule pressure in Alaska: 1) appears to have declined in recent years (Table 1) , 2) may increase if the number of salmon farms in northern BC increases, and 3) can increase unpredictably due to a large escape event. If the rough estimate of 3,000 fish present in Alaskan waters is used (ADFG 2002) , it is possible that groups of 100 or more fish traveling together that could find a spawning stream. To date there is no evidence that this has occurred in Alaska.
The lack of the ability of Atlantic salmon to successfully establish populations during early stocking efforts is commonly cited as justification that the risk of farmed salmon invasion Pacific watersheds is very low (Alverson and Ruggerone 1997; Waknitz et al. 2002; Nash 2003) . Seeb et al. (2003) , however, suggested that propagule pressure is much greater currently than it was in the past, when deliberate releases of Atlantic salmon were undertaken in order to establish populations in the Pacific Northwest (MacCrimmon and Gots 1979). They compared the number of juveniles intentionally released between 1951-1991 (76,000 total) with estimates of the number of adult net pen escapes between 1996-1999 (>400,000 total). They further note that net pen escapes occur across a broader geographic area, they come from multiple brood sources (i.e. greater genetic variation), and that they occur at multiple life stages. Their analysis does not include the following factors, which may also play a role in successful invasion: 1) adult farmed salmon have been acclimated to the Pacific marine environment, 2) farmed salmon are usually much closer to reproductive age than were intentionally-released fry or smolt; they are well-fed and in good condition, 3) overall mortality of adults would be expected to be much lower than it would for juveniles released in streams, due to both duration of marine residence and size-selective mortality.
Invasion of WA or BC and subsequent invasion of Alaska
In Figure 1 , after Event 2, we show the possible event that Atlantic salmon may become established in WA or BC, and subsequently invade Alaska from there. In this case the subsequent Events 3-6 would be the same, i.e. if adults from an established BC population stray to Alaska, Events 3-6 still need to occur for successful invasion. The likelihood of fish being successful at Events 3-6, however, may be greater in the case of invasion via an established population. Gross (1998) and Bisson (2006) both suggest that farmed Atlantic salmon may be selected to survive better under Pacific Ocean conditions over time. Because propagule pressure in WA and BC streams has historically been much greater than is presumed for Alaskan streams (Table 1) , it is likely that an initial invasion would occur there, and there is evidence of natural reproduction in Tsitika River, BC . There is no evidence, however, of any of these fish having smolted and returned as adults to spawn. Nor is there evidence of any further reproduction in BC waters, although survey effort has been limited.
If a self-sustaining population of Atlantic salmon were to become established in BC, individuals would be expected to have at least some adaptations related to spawning, rearing, smolting, and ocean migration. Because salmon often colonize new environments by straying from their natal streams (Milner and Bailey 1989; Quinn et al. 2001) , these populations might be expected to invade Alaska over time. Straying is considered an adaptation that allows salmon to colonize new habitats in the face of changing environmental conditions (Thorpe 1994; Nickelson and Lawson 1998) . Straying rates of 6% have been reported for wild Atlantic salmon .
We note here that fish from locally-adapted feral populations would be more likely to succeed at each of Events 2-6, because all of these are dependent in part upon fish surviving in novel environments. In light of this we recommend close cooperation with WA and BC fisheries agencies in monitoring Atlantic salmon recoveries throughout the Pacific Northwest.
Event 3: Escaped Atlantic salmon spawning in freshwater streams
Although farmed salmon are generally believed to have lower spawning success than do wild salmon (e.g. Jonsson and Jonsson 2006) , there is clear evidence from British Columbia, the British Isles, Chile, and Norway, that farmed Atlantic salmon are capable of spawning successsully in the wild (Hansen et al. 1998 , Thorstad et al. 2008 Ekinaro et al. 2010) . Volpe et al (2000) concluded that escaped Atlantic salmon had successfully reproduced in Tsitika River drainage, BC. They did not document spawning behavior, but inferred reproduction from multiple age classes of juveniles. Suspected wild juvenile salmon have also been recovered from two other streams in BC, suggesting possible reproduction in these as well (Table 1) . To date there are no other records of escaped Atlantic salmon spawning in Pacific coast streams, although surveys for adults are limited (see Event 2), as are those for juveniles (see Event 4).
Bisson (2006) suggested that Atlantic salmon may compete with Pacific salmon for spawning areas. This appears unlikely in Alaska, because Atlantics tend to spawn later in the year (September-October) than do pink, chum, and sockeye (July-August), the most common native salmon (Groot and Margolis 1991; Halupka et al. 2000) . This, in fact may allow Atlantic salmon to superimpose redds over those of native salmon, giving them a potential advantage in percentage of eggs that hatch (Fukushima et al. 1998) . Competition for spawning habitat might be most likely between Atlantic and Chinook salmon both of which typically spawn in relatively fast and deep water, and, in Alaska, possibly at the same time of year (Mills 1989; Groot and Margolis 1991) . In Great Lakes tributaries Chinook have been found to impede recovery of native Atlantic salmon because of competition during spawning (Scott et al. 2003) . Competition between Atlantic and coho salmon might be less likely, because coho tend to spawn in small tributaries (Groot and Margolis 1991) , whereas Atlantics prefer larger streams (Mills 1989) . Atlantic salmon in northern latitudes spawn at temperatures down to or below 5ºC (Jonsson and Jonsson 2009 ), which broadly overlaps with spawning temperatures for Pacific salmon in Alaska (Groot and Margolis 1991) .
Most recoveries of Atlantic salmon in marine waters of Alaska have been in Southeast Alaska , probably because of the proximity to BC salmon farms. Southeast has thousands of anadromous salmon streams, with pink and chum salmon being by far the most abundant species, so overlap in spawning timing may not be likely. Many of these streams would have suitable spawning habitat (i.e. streamflow, substrate) for Atlantic salmon. If sufficient numbers were to ascend a stream, it seems likely that they would find suitable habitat, and limited, if any, competition for spawning there.
Event 4: Juveniles survive freshwater phase until smolting
A successful invasion by Atlantic salmon will require them to out-compete or coexist with native Pacific salmon during the freshwater juvenile phase, which may last one-two years. Volpe et al. (2001a) investigated the potential for competition between juvenile Atlantic salmon and native BC steelhead in laboratory stream channels. They concluded that Atlantic salmon are capable of competing successfully against native steelhead, particularly if they were prior residents. Most research suggests that size and prior residence are key factors in determining the outcome of competitive interactions among stream salmonids (see ). Other studies have concluded that the outcome of competition between Atlantic and species of Pacific salmon is dependent upon environmental and biological conditions (Gibson 1981; Hearn and Kynard 1986) , and still others have concluded that habitat segregation between Atlantic and Pacific salmonids may allow both to coexist, in some cases allowing for increased overall production (Raffenberg and Parrish 2003) .
Bisson (2006) reviewed the literature on juvenile life histories of Atlantic and Pacific salmon in an effort to assess the risk of a successful Atlantic salmon invasion in the Pacific Northwest and Alaska. He concluded that feral juvenile Atlantic salmon have the potential to compete successfully with native Pacific salmonids, particularly steelhead and cutthroat trout. Because Atlantic salmon are fall spawners, their fry would emerge earlier that do those of spring-spawning steelhead and trout, giving them a potential size and prior-residence advantage. The potential for competition with steelhead is of particular concern in Alaska, where the species is considered sensitive due to relatively small spawning populations in many streams (Lohr and Bryant 1999) . Effects on other Pacific salmonids would likely include competition for food resources, due to a general overlap of diet among stream salmonids.
To date, no juvenile Atlantic salmon have been found in Alaskan streams. Specific efforts to document their presence, however, have been very limited (i.e. snorkel observations in parts of three streams during one season). In addition, although sampling of juvenile Pacific salmon occurs each year in Alaska, the percentage of biologists or technicians that have been trained specifically to identify juvenile Atlantic salmon is unknown.
In general, the outcome of competition between native and non-native salmonids is difficult to predict. Fausch (1988 Fausch ( , 1998 reviewed the literature on competition between Atlantic salmon and other stream salmonids. He found that evidence for competition was based largely on empirical observations, and that the underlying mechanisms remain poorly understood. Studies have been plagued with difficulties, such as lack of replication or poor experimental design. This makes it difficult to extrapolate the results across temporal or spatial scales, so the evidence for competition is largely restricted to the individual study sites during the specific times when the studies were conducted. The best available evidence suggests that at least in some cases, juvenile Atlantic salmon will be able to out-compete or coexist with native Pacific salmonids.
Event 5: Stream-reared smolts return as adults to spawn
The lack of the ability of Atlantic salmon to successfully establish populations during early stocking efforts is commonly cited as justification that the risk of farmed salmon invading Pacific watersheds is very low (Alverson and Ruggerone 1997; Waknitz et al. 2002; Nash 2003) . Despite years of deliberate stocking of juvenile Atlantic salmon in streams worldwide, very few self-sustaining populations have become established outside their native range (MacCrimmon and Gots 1979; Thorstad et al. 2008) . Also, although large numbers of feral juveniles have been observed in streams (Table  1) , there are no documented cases of wild-reared smolts returning as adults to these streams to spawn. Stocking of anadromous salmonid species in general has usually resulted in failure (Huey et al. 2005) , with the notable exception of Chinook salmon in New Zealand (Quinn and Unwin 1993) , and most recently in South America (Correa and Gross 2008) . It seems likely that the difficulties in surviving and completing an ocean migration in an environment to which they are not pre-adapted is a major factor in limiting colonization by anadromous salmon (see Event 2). Introductions of landlocked Atlantic salmon to lakes outside of their native range have been successful (Behnke 2002; Thorstad et al. 2008 ) -presumably survival and migration in a novel lake is less problematic than it is in a novel ocean environment.
Although the survival and return of smolts as adults appears to be the event most likely to prohibit an Atlantic salmon invasion in Alaska, Gross (1998) and Bisson (2006) , suggest that salmon-farm broodstock may be selected for at least some adaptation to Pacific ocean conditions over time. This could make it more likely for them to survive ocean migrations. Biological data on survival of Atlantic salmon smolts in the Pacific is not likely to be forthcoming because any smolts captured would not be released. Examination of scale patterns of captured adults might indicate whether they had been farm-or stream-reared, but we are unaware of any efforts to assess this. Also, otolith marking of all farmreared fish would be a powerful tool to help biologists determine if captured adults were stream-reared. ADFG has a world-leading program on otolith marking and recovery (http://www.taglab.org/), which is considered to be low-cost and highly reliable. They could likely provide accurate estimates of the costs of marking and mark recovery.
Event 6: Successful invasion: Evidence for Atlantic salmon invasions outside their native range
There is currently no documented case of a selfsustaining feral population of Atlantic salmon in Washington, British Columbia, or Alaska. Successful spawning of adults and rearing of juveniles in Tsitika River, BC has been documented . Follow-up surveys of Tsitika River in 2001, however, did not document presence of either adult or juvenile Atlantic salmon (DFO 2010) . There are documented cases of escaped farm-raised Atlantic salmon establishing self-sustaining populations in Europe, South America, and New Zealand (MacCrimmon and Gots 1979; Soto et al. 2001; Pascual et al. 2002; Naylor et al. 2005) . In Europe these have been within the native range of Atlantic salmon, and presumably the fish were pre-adapted to local conditions, particularly ocean migrations. In South America and New Zealand, only landlocked (i.e. lake) populations have become established.
Risk of parasites and disease
In addition to the risk of invasion, strong concern has also been expressed that Atlantic salmon farming may introduce disease or parasites to native salmon, whether or not fish escape (Naylor et al. 2005; Bisson 2006; Krkosek et al. 2006a ). There is strong evidence, for example, that sea lice from Atlantic salmon farms have negative effects on wild Pacific salmon, and this is currently a hotly debated issue in British Columbia (Brooks 2005; Morton et al. 2005; Krkosek et al. 2006a; Krkosek et al. 2006b ). Conversely, it has been suggested that risk of disease spreading from farmed fish to wild fish is low (Nash 2003) . There is an immense body of literature on parasites and disease in farmed fish, and this issue clearly warrants further consideration.
Conclusions
Volpe (2001) stated that all potential ecological effects of Atlantic salmon farming in BC are simply unknown. Our risk assessment of an invasion in Alaskan waters supports this assertion, in terms of assingning probabilites to any given events: lack of ecological surveys, possible under-reporting of escapes and recoveries, and the inherent variation in ecosystem responses, make it impossible to assign meaningful probabilities to the risk of invasion. We concur with Bisson (2006) that the short term (<5 yr) risk of a successful invasion of Alaska by Atlantic salmon appears to be low. To date only three adults and no juveniles have been reported from Alaskan streams. Unless there are feral populations that are currently undocumented, it is difficult to envision an invasion occurring in the short term. We also concur with Bisson (2006) that the long-term risk (>5 years) of invasion is greater, particularly in the case of a locally-adapted, feral stock spreading along the coast after an initial invasion in WA or BC. Increased propagule pressure, in the case of increased production and/or northward expansion of farm locations, may also increase the long-term risk of a successful invasion in Alaska. Although Atlantic salmon farming remains prohibited in Alaska, provincial regulations in BC are currently under review, the outcome of which will influence potential propagule pressure in BC and Alaska (BCMAL 2010) . Our event tree analysis suggests that ocean migration and survival of either escaped adults or stream-reared smolts are the factors most likely to limit an invasion. We also agree with Bisson (2006) and Naylor et al. (2005) , however, that invasion only represents a portion of the biological risk of Atlantic salmon farming to native Pacific salmon, and to Pacific ecosystems. Parasites, disease, and pollution appear to pose at least as great a risk.
Recommendations
Unless pen-culture of Atlantic salmon in WA and BC is outlawed, which is unlikely, there will continue to be a risk of invasion in Alaska for the foreseeable future. Our analysis highlights the difficulties in assigning a meaningful probability to this risk. To best manage the risk, therefore, we recommend the following:
1. Insure adequate and timely reporting of all escaped Atlantic salmon. This may require additional government oversight.
2. Improve reporting of recoveries: this will require improved training and outreach efforts to insure that biologists and sport and commercial fisherman are able to identify Atlantic salmon.
3. Close cooperation among Alaska, WA, and BC fisheries agencies in monitoring Atlantic salmon recoveries throughout the Pacific Northwest.
4. Elimination of feral populations that become established in WA or BC. This would greatly reduce the likelihood of an invasion in Alaska.
5. Development of otolith marking of all farmraised Atlantic salmon -codes should be unique to date and fish farm location.
6. Conduct systematic sampling for Atlantic salmon in fresh-and saltwater -this might best be achieved by simply coordinating with ongoing surveys for Pacific salmon, through training survey crews to accurately identify Atlantic salmon.
